Abstract: Filter treatment may be a viable means for removing the nitrate (NO 3 − ), phosphate (PO 4 3− ), and pesticides discharged with agricultural drainage waters that cause adverse environmental impacts within the U.S. on local, regional, and national scales. Laboratory batch test screening for agricultural drainage water treatment potential was conducted on 58 industrial product/byproduct filter materials grouped into six categories: (1) high carbon content media; (2) high iron content media; (3) high aluminum content media; (4) surfactant modified clay/zeolite; (5) coal combustion residuals; and (6) spent foundry sands. Based on a percent contaminant removal criteria of 75% or greater, seven industrial products/byproducts were found to meet this standard for NO 3 − alone, 44 met this standard for PO 4 3− , and 25 met this standard for the chlorinated triazine herbicide, atrazine. Using a 50% or greater contaminant removal criteria, five of the industrial product/byproduct filter materials exhibited potential for removing NO 3 − , PO 4 3− , and atrazine together; eight showed capability for combined NO 3 − and PO 4 3− removal; 21 showed capability for combined PO 4 3− and atrazine removal; and nine showed capability for combined NO 3 − and atrazine removal. The results of this study delineated some potential industrial product/byproduct filter materials for drainage water treatment; however, a complete feasibility evaluation for drainage water treatment of any of these filter materials will require much more extensive testing.
Introduction
In humid regions, such as the Midwest U.S., agricultural drainage practices commonly employ buried pipe networks to remove excess soil moisture by lowering the shallow water table, which in turn improves crop yields. Subsurface drainage is also utilized in semiarid to arid regions to prevent soil salinity build-up in farm fields. Agricultural fertilizer and pesticide applications, combined with subsurface drainage practices, often produce adverse water quality impacts within the U.S. on local, regional, and national scales [1] [2] [3] [4] [5] .
Nitrate (NO 3 − ) is a major environmental concern with respect to subsurface drainage. Research conducted in the Midwest U.S. and Canada indicates that the nitrate-nitrogen (NO 3 − -N) concentration in waters discharged from agricultural subsurface drainage systems typically range from 0 to 50 mg/L, although higher values are fairly common [6] [7] [8] . Phosphate (PO 4 3− , also referred to as orthophosphate, dissolved phosphorous, or soluble reactive phosphorous) is another nutrient typically found in subsurface drainage waters. A review of previous investigations indicate that subsurface drainage phosphate-P (PO 4 3− -P) values in agricultural settings are typically below 0.25 ppm, and, in fact, most often 0.1 ppm or less; however, values as high and even exceeding 1.0 ppm have been reported [9] [10] [11] [12] [13] [14] . Pesticides are likewise frequently present in agricultural drainage water [11, 15] , and 2 of 18 atrazine, a chlorinated triazine herbicide, used extensively for corn and sorghum production in the U.S. and Canada, happens to be one of the most common. Atrazine is usually found in subsurface drainage waters at relatively low concentrations, normally well less than 0.1 mg/L [16] [17] [18] , although Gaynor et al. [19] did measure a maximum subsurface drainage water atrazine concentration of 0.35 mg/L in research conducted on small test plots. A typical agricultural subsurface drainage system is comprised of drainage pipe laterals that connect to a main collector pipe that outlets into a ditch or small stream. Consequently, an in-line filter treatment system located on the main collector pipe near the subsurface drainage system outlet could be a viable means for removing oxyanion nutrients (NO 3 − and PO 4 3− ) and pesticides from drainage waters before these waters are discharged into the environment. However, choosing the appropriate porous, permeable, chemically reactive material that is incorporated into a filter system to remove nutrients and/or pesticides will be critical for obtaining effective and efficient agricultural drainage water treatment.
One possible mechanism by which various filter materials could remove NO 3 − is anion adsorption due to electrostatic attraction between negatively charged NO 3 − ions and positively charged surfaces of filter material particles [20, 21] . Filter materials might also remove NO 3 − via oxidation/reduction reactions that convert NO 3 − to ammonia/ammonium, NH 3 /NH 4 + , or nitrogen gas, N 2 [22] [23] [24] [25] [26] .
Compounds containing NO 3 − tend to be extremely soluble in water [27] , and, consequently, chemical precipitation is an unlikely NO 3 − removal mechanism. Nevertheless, cations (e.g., Al 3+ , Ca 2+ , Fe 3+ , Mg 2+ , etc.) dissolved from filter materials can combine with PO 4 3− to form low solubility chemical precipitates [28] [29] [30] [31] . Direct PO 4 3− adsorption typically involves ligand exchange at oxygen containing functional group sites present along surfaces of filter material particles [29] [30] [31] [32] [33] . Phosphate adsorption can also occur due to electrostatic attraction between negatively charged PO 4 3− ions and positively charged filter material surfaces [34] [35] [36] . The chlorinated triazine herbicide, atrazine, can be classified as an organochloride pesticide, and organochloride pesticides, such as atrazine, can be removed by filter materials through London-van der Waals dispersion forces, hydrophobic interactions, and reductive dechlorination [37] [38] [39] [40] . A large number of industrial products/byproducts could have potential as filter materials utilized for removing oxyanion nutrients (i.e., NO 3 − and PO 4 3− ) and/or organochloride pesticides (e.g., atrazine, alchlor, metolachlor, 2,4-D, etc.) from agricultural drainage waters. Simple batch tests can be employed for an initial determination as to whether a particular industrial product/byproduct filter material has some capability for drainage water treatment. As such, these tests can prove very useful for preliminary screening purposes by clearly indicating which industrial products/byproducts do not remove NO 3 − , PO 4 3− , and/or organochloride pesticides and are accordingly not appropriate filter materials for drainage water treatment. Obviously, for those filter materials that do pass this batch test screening process, more extensive evaluation is certainly needed (hydraulic conductivity measurements, adsorption isotherm experiments, long duration column tests, etc.) in order to completely determine overall viability for use in treating nutrients and pesticides present in drainage waters. Consequently, the stated goal of this research project was to carry out batch test screening of 58 industrial products/byproducts to find ones exhibiting some capacity for removing NO 3 − , PO 4 3− , and/or atrazine, thereby delineating those warranting further investigation as possible drainage water treatment filter materials.
Materials and Methods

Industrial Product/Byproduct Filter Materials
The industrial products/byproducts screened as potential drainage water treatment filter materials in this study can be grouped into six categories: (1) high carbon content media-14 in total; (2) high iron content media-17 in total; (3) high aluminum content media-6 in total; (4) surfactant modified clay/zeolite-6 in total; (5) coal combustion residuals-8 in total; and (6) spent foundry sands-7 in total. These six categories of filter materials were chosen on the basis of past research indicating capability for removing oxyanion and/or organic contaminants from wastewaters [24, 38, [41] [42] [43] [44] [45] . For consistency, so that all filter materials passed a No. 10 sieve (2 mm), some of the industrial product/byproducts were broken up into smaller granules using a ceramic mortar and pestle. The only filter materials requiring more extensive preparation were the surfactant modified clay or zeolite, which were generated by mixing 100 g of surfactant, 250 g of clay or zeolite, and 500 g of ultrapure deionized water, allowing 24 h for the mixture to equilibrate, and then afterwards draining excess liquid from the surfactant coated clay or zeolite particles. The 58 industrial product/byproducts tested are listed by category as follows and include: (1) the designated short notation for the material used throughout the rest of the article; (2) a descriptive name of the material; (3) organization and/or facility source of the material; and, if applicable, (4) material marketing/research number. The industrial product/byproduct lists are formatted in the following manner: [47] . Based on the most commonly employed salinity classification scale for water extracted from a saturated soil paste [48, 49] , the solution used for the batch tests in this study would be classified as non-saline (0 to 2 dS/m). Consequently, the total amounts of dissolved anions and cations present in the test solution is not unrealistic considering the wide range of EC measured salinity found around the world for subsurface drainage waters.
Batch Test Screening Procedures
As previously stated, the overall goal of this laboratory investigation was to evaluate whether specific industrial product/byproduct filter materials exhibited promise with respect to agricultural drainage water treatment. This goal was accomplished by conducting batch test screening to measure the percent NO 3 − , PO 4 3− , and atrazine removal by various filter materials. In each filter material batch test, 1 to 5 g (5 g predominately) of filter material and 38 to 40 g of test solution (40 g predominantly) were combined in a 50 mL Teflon FEP (fluorinated ethylene propylene) centrifuge tube. Less than 5 g of filter material and/or 40 g of test solution were used in some batch tests in order to accommodate the limited 50 mL volume of the centrifuge tubes. The predominant filter material to solution ratio (1:8 by weight) employed for this investigation was chosen based on the filter material to solution ratios used in previous batch test studies [50] [51] [52] [53] . The filter material and solution were thoroughly mixed by placing the centrifuge tube containing filter material and solution on a laboratory rotator (Mini LabRoller Rotator, Labnet International, Inc., Woodbridge, NJ, USA) operated at 20 rpm ( Figure 1 solution were centrifuged at 2500 rpm (800 g) for 10 min in order to separate the filter material from the solution. Part of the solution, set aside for analysis of atrazine, was decanted into a 15 mL glass centrifuge tube and centrifuged at 2500 rpm (800 g) for an additional 60 min, then decanted once more into a second 15 mL glass centrifuge tube to ensure that all filter material had been removed from contact with the solution. The remaining solution in the original Teflon centrifuge tube was used for analysis of NO3 − and PO4 3− . This remaining solution was itself decanted into a 50 mL polypropylene centrifuge tube and centrifuged at 2500 rpm (800 g) for an additional 60 min, then decanted once more into a 40 mL glass vial, again to ensure that filter material had been removed from contact with solution. The rather rigorous process of separating the solution from the filter material was done for the purpose of discontinuing chemical reactions between the filter material and test solution after the batch test had completed. For consistency purposes, the same solution separation procedures were employed after completion of the control batch tests, even though these batch tests were conducted with solution only and no filter material. Solution pH was measured at batch test completion using a Hanna Instruments (Woonsocket, RI, USA) Checker pH meter. Nitrate-nitrogen was determined colorimetrically by a copperized-cadmium reduction method [54] using a Lachat Instruments (Milwaukee, WI, USA), QuikChem 8000 Flow Injection Analysis System. Phosphate-phosphorous was determined colorimetrically by an ascorbic acid reduction method [54] also using the Lachat Instruments, QuikChem 8000 Flow Injection Analysis System. Two different methods were employed to measure the atrazine present in solution at batch test completion. Immunoassay [55] was one of the atrazine analysis methods, and for this method, a Strategic Diagnostic Inc. (Newark, NJ, USA), RaPID Assay Atrazine Test Kit and RPA-I Analyzer (spectrophotometer) were utilized. The U.S. Environmental Protection Agency Method 525.2, based on gas chromatography-mass spectrometry (GC-MS), was the second atrazine analysis method [56] . The GC-MS atrazine analysis done for this study used a Varian, Inc. (Palo Alto, CA, USA), Saturn 2200 Ion Trap GC/MS System.
A small number of solution samples from the filter material screening batch tests were submitted for atrazine analysis to an accredited/certified outside laboratory (Soil, Water, and Agricultural Testing Laboratory, New Mexico State University, Las Cruces, New Mexico) for the purpose of evaluating the atrazine analysis accuracy of the immunoassay and GC-MS methods that were used in-house. The outside laboratory atrazine analysis (GC-MS methods) indicated that the in-house immunoassay atrazine analysis tended to somewhat underestimate the amount of filter material induced atrazine removal (higher measured values for atrazine concentration), while the in-house GC-MS atrazine analysis tended to somewhat overestimate the amount of filter material induced atrazine removal (lower measured values for atrazine concentration). Therefore, to avoid bias, results are reported for both the in-house immunoassay atrazine analysis and the in-house GC-MS atrazine analysis. Batch tests for screening porous iron composite (PIC) and spent foundry Once these tests were completed, the Teflon centrifuge tubes containing filter material and solution were centrifuged at 2500 rpm (800 g) for 10 min in order to separate the filter material from the solution. Part of the solution, set aside for analysis of atrazine, was decanted into a 15 mL glass centrifuge tube and centrifuged at 2500 rpm (800 g) for an additional 60 min, then decanted once more into a second 15 mL glass centrifuge tube to ensure that all filter material had been removed from contact with the solution. The remaining solution in the original Teflon centrifuge tube was used for analysis of NO 3 − and PO 4 3− .
This remaining solution was itself decanted into a 50 mL polypropylene centrifuge tube and centrifuged at 2500 rpm (800 g) for an additional 60 min, then decanted once more into a 40 mL glass vial, again to ensure that filter material had been removed from contact with solution. The rather rigorous process of separating the solution from the filter material was done for the purpose of discontinuing chemical reactions between the filter material and test solution after the batch test had completed. For consistency purposes, the same solution separation procedures were employed after completion of the control batch tests, even though these batch tests were conducted with solution only and no filter material. Solution pH was measured at batch test completion using a Hanna Instruments (Woonsocket, RI, USA) Checker pH meter. Nitrate-nitrogen was determined colorimetrically by a copperized-cadmium reduction method [54] using a Lachat Instruments (Milwaukee, WI, USA), QuikChem 8000 Flow Injection Analysis System. Phosphate-phosphorous was determined colorimetrically by an ascorbic acid reduction method [54] also using the Lachat Instruments, QuikChem 8000 Flow Injection Analysis System. Two different methods were employed to measure the atrazine present in solution at batch test completion. Immunoassay [55] was one of the atrazine analysis methods, and for this method, a Strategic Diagnostic Inc. (Newark, NJ, USA), RaPID Assay Atrazine Test Kit and RPA-I Analyzer (spectrophotometer) were utilized. The U.S. Environmental Protection Agency Method 525.2, based on gas chromatography-mass spectrometry (GC-MS), was the second atrazine analysis method [56] . The GC-MS atrazine analysis done for this study used a Varian, Inc. (Palo Alto, CA, USA), Saturn 2200 Ion Trap GC/MS System.
A small number of solution samples from the filter material screening batch tests were submitted for atrazine analysis to an accredited/certified outside laboratory (Soil, Water, and Agricultural Testing Laboratory, New Mexico State University, Las Cruces, New Mexico) for the purpose of evaluating the atrazine analysis accuracy of the immunoassay and GC-MS methods that were used in-house. The outside laboratory atrazine analysis (GC-MS methods) indicated that the in-house immunoassay atrazine analysis tended to somewhat underestimate the amount of filter material induced atrazine removal (higher measured values for atrazine concentration), while the in-house GC-MS atrazine analysis tended to somewhat overestimate the amount of filter material induced atrazine removal (lower measured values for atrazine concentration). Therefore, to avoid bias, results are reported for both the in-house immunoassay atrazine analysis and the in-house GC-MS atrazine analysis. Batch tests for screening porous iron composite (PIC) and spent foundry sands were analyzed for atrazine with just the immunoassay method due to repairs being carried out at the time on the Varian, Inc., Saturn 2200 Ion Trap GC/MS System. Six batch test replicates were carried for each filter material, while, for control tests (no filter material present), there were seven replicates. Solution concentrations of NO 3 − , PO 4 3− , and atrazine were measured for each of the six replicates corresponding to a particular filter material and also for the seven control test replicates. The known solution concentrations at the beginning of the batch tests and the measured solution concentrations at batch test completion were used to calculate percent NO 3 − , PO 4 3− , and atrazine removal with the following equation.
Solution pH was also measured for all batch test replicates, with the exception of PIC and the spent foundry sands. Due to a miscommunication regarding procedures, the pH for PIC was measured on just three of the six replicates, while the pH for the spent foundry sands were measured on only one replicate.
Results and Discussion
Results for the batch test screening of 58 industrial products/byproducts are provided in Table 1 (high carbon content media), Table 2 (high iron content media), Table 3 (high aluminum content media), Table 4 (surfactant modified clay/zeolite), Table 5 (coal combustion residuals), and or atrazine had been removed by the filter material). With the exception of gas chromatography-mass spectrometry (GC-MS) measured atrazine for batch tests with high aluminum content media, negative values for average percent NO 3 − , PO 4 3− , or atrazine removal tend to be relatively minor (0.0% to −9.0%) and are the result of inherent laboratory measurement variability combined with the filter material having in effect removed no NO 3 − , PO 4 3− , or atrazine. The more negative values of −48.0% to −9% for GC-MS measured atrazine removals obtained with five of six high aluminum content media did not correspond very well with the average percent atrazine removal measured by immunoassay methods for these same filter materials (9% to 19%), which may mean that even very limited dissolution of aluminum oxides could for whatever reason adversely impact GC-MS atrazine measurement.
The notation *** represents batch tests results where the amount of PO 4 3− present in solution at batch test completion is substantially greater, by a factor of two or more, than the PO 4 3− present in the original test solution. Consequently, *** indicates that readily released PO 4 3− was initially present with the filter material, which was found to have occurred with eight different industrial products/byproducts (five of the high carbon content media, one of the high iron content media, and two of surfactant modified clay/zeolite). However, *** does not necessarily imply that the filter material is incapable of removing PO 4 3− from agricultural drainage waters. For porous iron composite (PIC), one of the filter materials evaluated in this study, laboratory column tests showed that, once the PO 4 3− originally present with PIC leached out, PIC then became very effective removing substantial quantities of drainage water PO 4 3− [26] .
The initial pH of the test solution was 7.01. For the seven replicate control batch tests conducted with 40 g of test solution only (no filter material), the average pH was 7.38, the average of the percent NO 3 − removal was −0.3% (standard deviation = 1.2%), the average of the percent PO 4 3− removal was 8.3% (standard deviation = 9.3%), the average of the percent atrazine removal measured by immunoassay methods was 11.1% (standard deviation = 12.7%), and the average of the percent atrazine removal measured by GC-MS was −10.6% (standard deviation = 10.3%). Results from the control batch tests therefore show that the experimental equipment and procedures alone did not substantially alter solution pH or cause excessive loss of NO 3 − , PO 4 3− , or atrazine. Tables 1-6 show a wide range of solution pH at batch test completion, from 1.97 to 13.05. With an initial test solution pH of 7.01 and an average control batch pH of 7.38, clearly many of the industrial product/byproduct filter materials have capacity to significantly alter drainage water pH. Releasing either extremely low or high pH drainage waters into local streams, rivers, or lakes can cause ecosystem damage. Therefore, the impact on pH needs to be considered when choosing a particular industrial product/byproduct filter material for drainage water treatment.
Inspection of Tables 4 3− and atrazine removal, and nine of the industrial products/byproducts may have capability for combined NO 3 − and atrazine removal. Therefore, the number of options for drainage water treatment of either two or all three contaminants might be somewhat limited if only one industrial product/byproduct filter material is being contemplated for use. The number of options for combined treatment of more than one drainage water contaminant will increase substantially if mixing two or more of the industrial product/byproduct filter materials were considered (assuming chemical compatibility) or the filter treatment system were designed using two separate stages, with each stage containing a different industrial product/byproduct filter material. Due to the large differences in chemical composition/structure of members within each of the six industrial product/byproduct categories tested, it is somewhat difficult to draw meaningful conclusions regarding pH and removal behavior of NO 3 − , PO 4 3− , or atrazine based just on category alone. However, some trends were noted. Batch test pH was consistent within a narrow range of 7.69 to 8.26 for spent foundry sands, while within, each of the other five categories, pH was much more variable (Tables 1-6 ). Figure 2 depicts, by category, the number of industrial products/byproducts removing 50%, 75%, or 90% of NO 3 − , PO 4 3− , or atrazine. The majority of filter materials having possible capability for drainage water NO 3 − treatment were found in the high carbon content media, high iron content media, and surfactant modified clay/zeolite categories. Most members in each of the six industrial product/byproduct categories show some promise with respect to PO 4 3− removal.
All of the high carbon content media filter materials, along with most of the surfactant modified clays/zeolites and coal combustion residuals, exhibited at least limited potential (≥50% removal) for atrazine treatment.
Water 2017, 9, 791 11 of 18 possible capability for drainage water NO3 − treatment were found in the high carbon content media, high iron content media, and surfactant modified clay/zeolite categories. Most members in each of the six industrial product/byproduct categories show some promise with respect to PO4 3− removal.
All of the high carbon content media filter materials, along with most of the surfactant modified clays/zeolites and coal combustion residuals, exhibited at least limited potential (≥50% removal) for atrazine treatment. Again, the purpose the study was to delineate potential industrial product/byproduct filter materials warranting further investigation for agricultural drainage water treatment. The processes by which filter materials can remove NO3 − , PO4 3− , and/or atrazine were previously described in the Introduction section. Although beyond the scope of this study, isolating the predominant process or processes by which a particular industrial product/byproduct filter material removes a particular contaminant (i.e., NO3 − , PO4 3− , or atrazine) is important information and will require extensive laboratory examination with adsorption isotherm and reaction kinetics batch tests. However, some generalizations for the filter materials tested regarding NO3 − , PO4 3− , or atrazine removal mechanisms can be postulated. Nitrate removal by activated carbon (AC1, AC2, AC3, AC4, and AC5) and surfactant modified clay/zeolite (SMC1, SMC2, SMZ1, and SMZ2) is likely due to adsorption caused by electrostatic attraction between negatively charged NO3 − ions and positively charged surfaces on filter material particles [20, 21, 41] . The sulfur modified iron filter materials (SMI1, SMI2, and SMI3) probably removed NO3 − via oxidation/reduction reactions that convert NO3 − to ammonia/ammonium, NH3/NH4 + , or nitrogen gas, N2 [22] [23] [24] [25] [26] . Phosphate removal by high iron content media, high aluminum content media, coal combustion residuals, and spent foundry sands could be the result of either the formation of low solubility chemical precipitates (i.e., aluminum, calcium, iron, and magnesium-phosphate compounds) [28] [29] [30] [31] or direct PO4 3− adsorption via ligand Again, the purpose the study was to delineate potential industrial product/byproduct filter materials warranting further investigation for agricultural drainage water treatment. The processes by which filter materials can remove NO 3 − , PO 4 3− , and/or atrazine were previously described in the Introduction section. Although beyond the scope of this study, isolating the predominant process or processes by which a particular industrial product/byproduct filter material removes a particular contaminant (i.e., NO 3 − , PO 4 3− , or atrazine) is important information and will require extensive laboratory examination with adsorption isotherm and reaction kinetics batch tests. However, some generalizations for the filter materials tested regarding NO 3 − , PO 4 3− , or atrazine removal mechanisms can be postulated. Nitrate removal by activated carbon (AC1, AC2, AC3, AC4, and AC5) and surfactant modified clay/zeolite (SMC1, SMC2, SMZ1, and SMZ2) is likely due to adsorption caused by electrostatic attraction between negatively charged NO 3 − ions and positively charged surfaces on filter material particles [20, 21, 41] . The sulfur modified iron filter materials (SMI1, SMI2, and SMI3) probably removed NO 3 − via oxidation/reduction reactions that convert NO 3 − to ammonia/ammonium, NH 3 /NH 4 + , or nitrogen gas, N 2 [22] [23] [24] [25] [26] . Phosphate removal by high iron content media, high aluminum content media, coal combustion residuals, and spent foundry sands could be the result of either the formation of low solubility chemical precipitates (i.e., aluminum, calcium, iron, and magnesium-phosphate compounds) [28] [29] [30] [31] or direct PO 4 3− adsorption via ligand exchange at oxygen containing functional group sites present along surfaces of filter material particles [29] [30] [31] [32] [33] . Phosphate removal by the high carbon content media and surfactant modified clay/zeolite is probably due to ligand exchange adsorption [29, 33, 57, 58] and/or electrostatic attraction between negatively charged PO 4 3− ions and positively charged filter material surfaces [34] [35] [36] 41] . For the high carbon content media, surfactant modified clay/zeolite, coal combustion residuals, and spent foundry sand filter materials exhibiting capability for atrazine removal, the most likely removal mechanism is adsorption at filter material particle surfaces caused by London-van der Waals dispersion forces or hydrophobic interactions [37, 41] . Atrazine removal by some of the high iron content media (ZVI1, ZVI2, SMI3, and PIC) is probably due to reductive dechlorination [38] [39] [40] . Atrazine losses during the control batch tests were minimal, thereby indicating that photodegradation did not play a significant role in atrazine removal. Furthermore, full assessment regarding the feasibility for using a particular industrial product/byproduct or combination of industrial products/byproducts within a filter treatment system for removing NO 3 − , PO 4 3− , and/or atrazine from drainage waters will also require hydraulic conductivity measurements, long duration variable flow rate saturated column experiments, regeneration capacity evaluation, determining the leaching potential for any contaminants originally present with the filter material, pilot scale field demonstrations, and economic analysis.
In particular, filter treatment system design will necessitate follow-up testing of potential industrial product/byproduct materials that specifically includes hydraulic conductivity measurements, adsorption isotherm batch tests, reaction kinetics batch tests, and long duration variable flow rate saturated column experiments. The hydraulic conductivity measurements will provide insight on the flow rate capability of the filter material. The reaction kinetics batch tests and long duration variable flow rate saturated column experiments will quantify the period of contact (i.e., residence time) needed by the filter material to effectively remove NO 3 − , PO 4 3− , and/or atrazine. The adsorption isotherm batch tests and long duration variable flow rate saturated column experiments will establish the total NO 3 − , PO 4 3− , and/or atrazine removal capacity of the filter material. With knowledge of drainage system flow rates, and filter material characteristics (i.e., flow rate capability, residence time for contaminant removal, and total contaminant removal capacity), determinations can be made as to the size of the filter treatment system and the amount industrial product/byproduct material needed to fill it, along with the regularity in which the filter material will need to be replaced or regenerated. A limited amount of additional drainage water treatment research has been conducted on a very select few of the industrial products/byproducts tested in this study [25, 26, [59] [60] [61] [62] ; however, most of the other filter materials that exhibited potential remain in need of further investigation.
Summary and Conclusions
Discharge of agricultural drainage waters containing nitrate (NO 3 − ), phosphate (PO 4 3− ), and pesticides can cause adverse environmental impacts on local, regional, and national scales. An in-line filter treatment system located on the main collector pipe near the subsurface drainage system outlet could be a viable means for removing NO 3 − , PO 4 3− , and pesticides from drainage waters before these waters are released into local streams, rivers, and lakes. Therefore, choosing a suitable filter material for this type of water treatment system will be critical for effective removal of NO 3 − , PO 4 3− , and pesticides.
There are many industrial products/byproducts that could serve as filter materials for drainage water treatment. For this reason, laboratory batch test screening was conducted on 58 industrial product/byproduct filter materials grouped into six categories: (1) high carbon content media; (2) high iron content media; (3) high aluminum content media; (4) surfactant modified clay/zeolite; (5) coal combustion residuals; and (6) spent foundry sands. Results showed that many of the industrial product/byproduct filter materials have capacity to significantly alter drainage water pH, which needs to be taken into account when choosing a filter material, because releasing either extremely low or high pH drainage waters into local waterways could cause ecosystem damage.
With regard to nutrient and pesticide treatment, based on a percent contaminant removal criteria of 50% or greater, 13 industrial products/byproducts met this standard for NO 3 − , 48 met this standard for PO 4 Consequently, a number of industrial product/byproduct filter materials were determined to have potential for use in removing NO 3 − , PO 4 3− , and/or atrazine from drainage waters. For a complete drainage water treatment feasibility evaluation of the most promising of these industrial product/byproduct filter materials, much more extensive research is needed. This additional investigation should include adsorption isotherm and reaction kinetics batch tests, hydraulic conductivity measurements, long duration variable flow rate saturated column experiments, regeneration capacity evaluation, determining the leaching potential for any contaminants originally present with the filter material, pilot scale field demonstrations, and economic analysis.
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Appendix A
Batch test results with nitrate-nitrogen, phosphate-phosphorous and atrazine removal calculated as milligrams of contaminant removed per gram of filter material. 
